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ABSTRACT: We show that dispersity (P) markedly alters the
conformation of spherical polymer brushes. The average lengths
(I,) of poly(tert-butyl acrylate) (PtBA) brushes of varying P
grafted to nanoparticles were measured using dynamic light
scattering. In the semidilute polymer brush (SDPB) regime, the
of PtBA and polymers from earlier studies of various B could be
cleanly collapsed onto a master curve as a function of the scaling

variable N,0'%, where N, is the weight-average degree

of

polymerization and ¢ is the grafting density. In the concentrated
polymer brush (CPB) regime, however, }, collapsed onto a

bifurcated curve as a function of the scaling variable N o

1/2

)

indicating D more strongly affects the average length of brushes

with low N, ¢'/?
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. We propose that the stretching of the stem near the particle surface due to interchain interactions in the CPB

1/2

regime leads to greater I, in broad dispersity brushes of low but not high N,,o"/~.

P olymer-grafted nanoparticles (PGNPs) have been widely
applied as mechanical reinforcement fillers' ™ and in
optics and electronics,"™® ultrafiltration membranes,”® bio-
molecular and drug delivery vehicles,”"" and lubrication."”~"*
The functional properties of PGNPs are determined in part
through the conformation of the grafted polymer chains, which
can be modified through control over the brush parameters.
Indeed, the degree of polymerization (), grafting density (o),
and dispersity (D), related to the breadth of the molecular
weight distribution, of the polymer brushes can be tailored
using controlled polymerizations.'”~>° Despite advances in
control over surface-grafted polymer brushes, the effects of the
brush molecular weight distribution on conformation remain
incompletely understood.

The conformation of polymer brushes is commonly
predicted using a scaling theory, in which the average brush
length (1,) scales with ¢ and N.”°~** In theories for spherical
brushes in a good solvent, interactions between monomers at
low o are treated as pairwise and the brush is assumed to be in
the semidilute polymer brush (SDPB) regime. In the SDPB
regime, 1, is predicted to scale as”**®

I, ~ (NG"/3)3/3 (1)

With sufficiently high o, polymer chains in a good solvent
experience higher-order segmental interactions and excluded-
volume effects are screened. For brushes in this concentrated
polymer 5brush (CPB) regime, the scaling behavior be-

comes”

I, ~ (N&'?)* )
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where 3/5 < x < 1. To account for a decrease in brush density
with increasing distance from the nanoparticle surface, the
conformation of spherical brushes is assumed to transition
from CPB to SDPB at a critical radius r.”***

It is not immediately evident, however, how to incorporate
changes in brush conformation arising in a brush of even
modest D. To address this gap, the conformation of high-D
brushes was examined using theory and simulations.***” In a
higher dispersity brush, short chains were collapsed toward the
surface; long chains adopted a stretched stem conformation
near the surface when surrounded by smaller chains but
collapsed at the periphery in the crown region.”**” Although
many experimental studies report brush D, relatively few have
examined its effect on brush conformation. A recent
experimental study examining the conformation of polycapro-
lactone (PCL) brushes with D = 1.42-2.39 showed that
average brush thickness increased with increasing P and 6.**
The scaling exponents of [, with N, however, were markedly
greater than unity, the upper limit of the scaling theory in the
CPB regime.”® Differences in I, in brushes of varying B, and
therefore the scaling exponents, were hypothesized to arise
from differences in hydrodynamic interactions and brush
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conformation. Nonetheless, how these observations connect to
predictions of scaling theory is not clear.

In this Letter, we show that the effect of polymer D on the
conformation of spherical polymer brushes depends strikingly
on brush molecular weight. We synthesized poly(tert-butyl
acrylate) (PtBA) brushes of P = 1.03—1.98 grafted to
nanoparticles using surface-initiated-atom-transfer radical
polymerization (SI-ATRP) and determined }, using dynamic
light scattering (DLS) in a good solvent. The average lengths
of brushes exceeded the number-average contour length (L,,)
predicted from the number-average degree of polymerization
(N,), indicating that long chains contributed significantly to
the measured /.. In the SDPB regime, I, of brushes of various D
could be collapsed onto a master curve as a function of the
scaling variable N,,6'/3, where N, is the weight-average degree
of polymerization. In the CPB regime, however, I, collapsed
onto a bifurcated curve as a function of the scaling variable
N,6'2, revealing that D more strongly affects the average
lengths of brushes of low N,,6'/%. Polymer brushes of various D
from the literature also collapsed onto these curves.”**>*%*’
To explain the bifurcation in the CPB regime, we propose that
stretching of the stem region in disperse brushes leads to an
increase in average I, only when N,/ is low.

PtBA brushes were grown from silica nanoparticles with an
average core radius (r,) of 5.7 & 0.2 nm as measured by DLS
via SI-ATRP,**® and brush D was tuned between 1.03 and
1.98 with the addition of phenylhydrazine to selected
syntheses.”> Grafted polymer was cleaved from nanoparticles
using aqueous hydrofluoric acid (Sigma-Aldrich, 49%) for
molecular weight and D characterization via gel permeation
chromatography (GPC). ¢ = 0.5 + 0.2 chains/nm* was
calculated from the weight percentage of grafted polymer,
determined using thermogravimetric analysis (TGA) and
elemental analysis (EA) (o of individual samples are listed in
the Supporting Information). From the hydrodynamic radius
(R,) of the PGNPs, characterized via the method of cumulants
applied to DLS data, we calculated §, = R, — r, (Supporting
Information).*

Increasing the brush P had different consequences for I,
depending on N,. At N,, & 43, the characteristic time scale
extracted from the intensity—intensity correlation functions
increased with P (Figure 1a), indicating that Ry, of the PGNP
and hence [, were greater. At higher N, & 833, however, the
intensity—intensity correlation functions obtained for brushes
of two different D were identical (Figure 1b), indicating that Ry,
did not change with an increase in D. This surprising result
suggests that D markedly alters [, only in a range of N,,.

Prior studies on brush conformation examined [, scaling
behavior with both N,>%3¢38394L42 anq N >3 without
clear consensus as to which molecular weight-average governs
brush behavior. To assess the effects of B on }, we first
examined I, as a function of N,. When D was increased from
low (1.03—1.29) to high (1.49—1.98), I, increased at constant
N,, reflecting contributions from long chains in the broad
molecular weight distribution (Figure 2a). At lower values of
N, I, of high-D brushes was greater than the number-average
contour length determined as the full length of a P{BA chain
adopting a linear conformation (L., = N,],) and the number-
average fully extended length determined as the length of the

all-trans conformation (L;, = N,], sin g), where J; = 0.30 nm
: 2

(the length of 2 carbon—carbon bonds) and € = 109.5° were
the monomer length and carbon—carbon bond angle,
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Figure 1. Intensity—intensity correlation functions g*(q,t) — 1 as a
function of delay time for PGNPs with a similar weight-average
degree of polymerization N,, and varying D were collected in a good
solvent, THF, with concentration 1 mg mL™" at 20 °C. Solid lines
represent the method of cumulant fits.* (a) N, = 45, D = 1.05 (green
closed squares), N,, = 41, B = 1.50 (yellow closed triangles); (b) N,, =
802, P = 1.23 (blue open squares), N,, = 864, B = 1.69 (red open
triangles).

respectively (Supporting Information).**~*° This intriguing
result confirms that long chains contribute substantially to I,
when the molecular weight distribution is broad. All , were
greater than the radius of gyration (Rg = 1.18 X 1072M*%,
obtained from free PfBA in THF,"” where M was the number-
average and weight-average molecular weight in Figure 2a,b,
respectively), consistent with prior literature, demonstrating R,
of grafted chains was greater than that of free chains at high
grafting density."”

To account for long chains in a broad molecular weight
distribution, we compared the dependence of [, on N, with the
weight-average contour length (L., = N,l,) and the weight-
average fully extended length (L, = N,], sin g).44_46 The I,
values of the high-D series were commensurate with L, and
L¢,, when N, < 100, and the [, of the other brushes were
between L., and R, regardless of D and N,, (Figure 2b). To
locate the crossover from CPB to SDPB brush regimes, r. was
calculated as™***

o= oW
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Figure 2. Average brush length [, as a function of (a) N, and (b) N,,. The dashed-dotted lines indicate L., in part a and L., in part b. The dotted
lines indicate Lg, in part a and Ly, in part b. The dashed lines indicate R;. The boundary between the CPB and the SDPB regimes was determined
as l, = r. — ry = 26 + 5 nm using eq 3. The symbol’s color shading indicates brush D. Error bars, smaller than the symbols if not visible, were
determined from multiple measurements using DLS (},) or GPC (N, and N,,).
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Figure 3. I, as a function of (a) N,,6'/3 in the SDPB regime and (b) N,,6'/? in the CPB regime, in which the color shading indicates D. The blue
series represents the PtBA-grafted silica nanoparticles in this study (D = 1.03—1.98, ¢ = 0.5 + 0.2 chains/nm?). The green series represents PS-
grafted silica nanoparticles (P = 1.05—1.13, ¢ = 0.05—0.55 chains/ nm?).*® The yellow series represents PMMA-grafted silica nanoparticles (B =
1.19—1.28, 6 = 0.59—0.73 chains/nm?).** The purple series represents PEQ-b-PPO-b-PEO adsorbed triblock copolymer silica nanoparticles (P =
1.10—1.20, brush adsorbed amount = 0.11—0.30 chains/nm?).*” The orange series represents PCL-grafted silica nanoparticles (P = 1.42—2.39, &

= 0.21-0.61 chains/nm?).*®

where 6* = ob” was the reduced grafting density, v was the
excluded volume parameter, and v* = v/(4x)"/% Equation 3
was previously applied to brushes grafted from nanoparticles
with r, varying from 5 to 65 nm.***>**3%3! Eor PtBA brushes,
r.=32 4 5 nm using eq 3 (b = 0.7 nm,”>* and v = 0.23 +
0.06, calculated using the MWC-WZ model [Supporting
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Information]).”® Thus, brushes with }, < 26 nm were in the
CPB regime, where the [, of high-D brushes was greater than
that of low-D brushes. Brushes with [, > 26 nm were in the
SDPB regime, and ], collapsed onto a master curve regardless

of b.
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Figure 4. Schematic representation of the conformation of polymer-grafted nanoparticles with core radius r, in different regimes. (a) Low-B and
high-D brushes above a critical radius r, are in the SDPB regime at the periphery with similar 4, and coiled conformation. (b) Brushes below r, are
in the CPB regime with varying D and N,6"/% At low N,,6'/%, the stem of long chains at high D is more extended than that at low D. At high
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, the differences in }, and conformation at the periphery of brushes with low and high D are less distinguishable.

Next, we examined J, of brushes in the SDPB and CPB
regimes as a function of N,,6'/* and N,6'/?, respectively.”® The
use of scaling theory allows us to compare multiple brush
systems at different 6.°° In the SDPB regime, I, of PtBA
brushes (P = 1.03—1.96) as well as brushes composed of
polystyrene (PS, P = 1.05—1.13)*° and a poly(ethylene oxide-
block-propylene oxide-block-ethylene oxide) triblock copoly-
mer (PEO-b-PPO-b-PEO, P = 1.10—1.20)* collapsed cleanly
onto a master curve as a function of N,o'/3 (Figure 3a),
independent of D. Thus, D does not markedly alter [, in the
SDPB regime.

In the CPB regime, however, short brushes of low-B (PS,
PMMA, PCL, and PtBA) and high-D (PCL and PtBA) scaled
onto a bifurcated curve as a function of N,c'2 (Figure 3b).
The I, values of brushes of varying compositions and
dispersities fell on two distinct curves that intersected at
N,0'? = 470 + 30 (Figure S5). High-D PtBA brushes (D =
1.49—1.98) collapsed onto the high-B branch along with the
high-B PCL brushes (B = 1.69—2.39).>® Low-B PtBA brushes
(P = 1.03—1.29) collapsed onto the low-P branch with PS (P
= 1.06 and 1.08)*° and PMMA brushes (D = 1.19—1.28).%
Interestingly, PCL brushes with moderate D (P = 1.42—2.06)
also collapsed on this branch (Figure 3b).** This result
suggests that the o-dependence of the scaling of higher-b
brushes may not follow that of uniform brushes. This idea, to
be discussed later, is consistent with earlier Monte Carlo (MC)
simulations, which revealed that ;) of brushes with b = 1.5-2.5
scaled as I, ~ o*!13%099 3¢ Nonetheless, for each polymer
composition, [, in the high-D branch was greater than that in
the low-D branch for N,6"? < 470 + 30; by contrast, I,
collapsed onto one curve at higher N,¢'/> independent of D
(Figure 3b).

Through a linear fit to PtBA brush data (Figure S6), we
extracted the scaling exponents (eqs 1 and 2). These exponents
were 0.55 + 0.03 in the SDPB regime and 0.9 + 0.1 and 0.82 +
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0.07 for low-D and high-D branches, respectively, in the CPB
regime, consistent with scaling theory. PCL brushes exhibited a
similar trend in scaling exponent to PtBA brushes in the CPB
regime: the exponent of the low-D branch was higher than that
of the high-D branch, though the exponent of the low-D
branch exceeded 1.** Though the scaling theory was developed
for low-D brushes, literature studies on high-D planar brushes
confirmed their scaling exponents for N and ¢ were consistent
with that of low-D brushes.”’

The independence of }, with varying D in the SDPB regime
suggests that all brushes adopt a similar coiled conformation.
In the CPB regime, however, at low Nwal/ 2 higher-D brushes
adopt a more extended conformation than lower-D brushes,
whereas the brush conformation at the periphery is
independent of P at higher N,6"2. To explain these
contrasting effects of D, we propose physical pictures for
brushes in the two regimes. The hypothesized conformation of
brushes in the SDPB regime with varying D is depicted in
Figure 4a. At high I, the brush transitions from the CPB
regime to the SDPB regime when J, exceeds r, such that
polymer chains adopt a coiled conformation at the
periphery.”®*> We propose that the coiled morphology at the
periphery is not strongly influenced by D (Figure 4a). Thus,
the average I, is relatively insensitive to D in the SDPB regime.

The proposed conformation of brushes in the CPB regime
with varying N, 6"/> and B is depicted in Figure 4b. In the CPB
regime, polymer chains in close proximity experience higher-
order interactions.”®>* For high-D brushes, based on earlier
theories and simulations, we suggest that steric hindrance due
to compressed short chains near the surface drives the
extension of longer chains.***” The long chains extend near
the particle surface (the “stem”) in the vicinity of shorter
chains but are less stretched at their free ends (the
“crown”).*>" It is this highly extended stem that leads to
the experimental observation of greater I, for the high-D

https://doi.org/10.1021/acsmacrolett.0c00898
ACS Macro Lett. 2021, 10, 518—-524
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brushes compared to the low-D brushes at low N,c'/% At
higher N, 6%, however, we suggest that the conformation at
the periphery is not strongly affected by D, and hence, the
difference in I, between high-D and low-DP brushes is
negligible.

This picture is consistent with earlier MC simulations, which
found that the effect of D on monomer density varied with 6.*°
At constant N,, when ¢ = 0.65 and 0.25 chains/b% the
monomer density at intermediate distance from the grafted
surface decreased with increasing D, indicating that the chains
were extended near the surface.’® When ¢ decreased from 0.25
to 0.1 chains/b* however, this monomer density became less
dependent on D.*°* The nearly identical monomer density
profiles of brushes of various D at the lowest ¢ suggests that
these brushes do not adopt a stem configuration near the
surface. This comparison suggests that the demarcation
between high- and low-D regimes is affected by o. To test
this idea, we compare ¢ (chains/b?) of the PCL brushes in
Figure 3b (for which moderate-D brushes collapsed onto the
low-D branch) with that of the MC simulations (Table S1).
For PCL brushes, a grafting density of 6 = 0.21 chains/ nm?>
corresponded to & = 0.08 chains/b? at which the effect of B on
PCL brush conformation was negligible in simulations.*®
Indeed, PCL brushes with ¢ = 0.21 chains/nm> adopted a
similar conformation as that for low-D brushes, explaining the
collapse of I, for these brushes onto the low-B branch (Figure
3b). Likewise, the grafting density of moderate-D PCL brushes,
6 = 0.43 chains/nm* (¢ = 0.15 chains/b*), was less than the &
= 0.25 chains/b* at which stems were observed in simulations.
We conclude that I, of high-D brushes is controlled by the
extended stem region, which is not present at low o.

In conclusion, we investigated the dependence of [, of
polymer brushes grafted to nanoparticles on D. The transition
from the CPB to the SDPB regimes was independent of brush
B, and I, of PtBA brushes collapsed in the SDPB regime but
fell on a bifurcated curve in the CPB regime. Significantly, }, of
brushes of various polymers (from literature studies) also
collapsed onto the same master curve in the SDPB regime and
onto the same bifurcated curve in the CPB regime. We
therefore propose that the coiled conformation is independent
of D in the SDPB regime. In the CPB regime, the high-D
brushes adopted a more extended conformation than the low-
D brushes when N, 6"/% < 470 + 30, yet brushes of differing D
adopted a similar conformation at the periphery at higher
N,6"2. The more extended polymer brush conformation
attained via an increase in B can be leveraged to control
nanoparticle dispersion in complex media.
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